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MASS SPECTROMETRIC INVESTIGATION OF FUNCTIONS OF 

OXYGEN ATOMS WITH HYDROGEN AND AMMONIA 

by Edgar L. Wong and Andrew E. Potter,  Jr. 

L e w i s  Research Center 

SUMMARY 

The reactions of atomic oxygen with hydrogen and with ammonia were s tudied 
i n  t h e  near-absence of molecular oxygen. A stirred reactor  w a s  used t o  make 
react ion rate measurements, and t h e  gases from t h e  s t i r r e d  reactor  were ana- 
lyzed with a Bendix t ime-of-fl ight m a s s  spectrometer. 
atomic oxygen as well as several  of t h e  react ion products were performed with 
t h i s  instrument. 

Quant i ta t ive analyses of 

The reaction rate of t he  hydrogen - atomic oxygen (H2 + 0) react ion w a s  
invest igated i n  t h e  temperature range 400° t o  600° K. Analysis showed t h a t  t h e  
only detectable products of t he  react ion were molecular oxygen, water, and 
atomic hydrogen (02, HZO, and H). 
react ion w a s  written. 
f i n d  t h e  r a t e  constant f o r  t he  H2 + 0 + O H  + H reaction. 
4. exp( -10.2/RT) cubic centimeter per mole per second (where R is  the  
universal  gas constant and T i s  t h e  absolute temperature), which is  i n  good 
agreement with rate constants found by other  investigators.  
by t h e  authors t h e  rate of 0 disappearance by react ion with H2 i n  t h e  presence 
of a l a rge  excess of 02 w a s  measured. Under these circumstances, t h e  rate w a s  
about four  t i m e s  l a rge r  than t h a t  f o r  t h e  react ion i n  t h e  absence of 02. This 
r e s u l t  w a s  explained quant i ta t ively by t h e  react ion sequence H+02 +M+H02 +M; 
H02 + 0 + OH + 02. 

With t h i s  information, a mechanism f o r  t h e  
The mechanism and t h e  experimental data  were used t o  

The result w a s  

I n  a previous work 

The react ion r a t e  of t h e  ammonia - atomic oxygen (NH3 + 0) react ion w a s  
investigated i n  the  temperature range 3500 t o  60O0 K. 
dicated t h a t  t h e  stoichiometry of the  react ion could be represented by 
NH3 + 4.4 0 --+ NO + 0.5 H2 + 1 . 2  02 + 1.0 H20. The rate of the  react ion w a s  un- 
affected by the  presence or absence of 02, s o  t h a t  the  previous rate constant 
f o r  0 disappearance of 3 ~ 1 0 ~ ~  exp( -4.8/RT) cubic centimeter per mole per second 
i s  unchanged. A mechanism t h a t  explains t h e  lack  of e f f ec t  of 02 w a s  suggested 
f o r  t he  oxidation reaction. From t h i s  mechanism and t h e  reaction stoichiometry 
it w a s  deduced t h a t  t h e  rate of t h e  react ion NH3 + 0 -, NH2 + OH w a s  about one- 
four th  t h e  rate of 0 disappearance, or 1x10l2 exp(-4.8/RT) cubic centimeter per  
mole per second. 

Product analyses in-  
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Figure 1. - Stirred reactor and connection to mass spectrometer. 

INTRODUCTION 

The study of elementary reactions involving atomic oxygen ( 0 )  is  important, 
because these reactions a re  common i n  s i tua t ions  of prac t ica l  or sc i en t i f i c  
in te res t ,  as  i n  flames of j e t  or rocket engines or i n  the upper atomsphere. In  
a previous work by the authors ( r e f .  1) the r a t e s  of reaction of 0 with hydro- 
gen (Hz), ammonia (NH3), and methane (CH4) i n  the presence of a large excess of 
molecular oxygen ( 0 2 )  were measured. 
the reaction by combining with some of the react ion intermediates, the reaction 
r a t e  measurements fo r  Hz and NH3 were repeated, t h i s  time i n  the near-absence 

Since it seemed l i k e l y  that 02 entered 

of 02. 

For t h i s  work, the s t i r r e d  reactor  technique was used again i n  conjunction 
with mass spectrometric analysis .  
t o  600° K, and pressures were about l m i l l i m e t e r .  

Temperatures varied i n  the range 400’ 

EXPERIMENTAL 

Apparatus 

The 300-cubic centimeter s t i r r e d  reactor and i ts  connection t o  the Bendix 
time-of-flight mass spectrometer (model 14-101) a r e  shown i n  f igure 1 and de- 
scribed i n  reference l. One change from the previous arrangement was the use 
of a s ta in less -s tee l  l eak  hole diameter of 0.005 inch instead of the former 
pyrex leak hole diameter of about 0.01 inch. 
could be used provided tha t  t he  mass spectrometer s ens i t i v i ty  is  at  a l eve l  
high enough t o  monitor s m a l l  changes i n  oxygen atom concentration easily.  

The smaller metall ic leak hole 
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Materials 

Gas 

Hydrogen 

Nitrogen 

Oxygen 

Ammonia 

Deuterated 
ammonia 

Argon 

Ni t r ic  oxide 

Nitrogen 
dioxide 

~~ 

Purity,  
percent 

~ 

99.9 

99.9 

99.5 

99.9 

99.5 

99.9 

99.5 

299.5 

The various gases used i n  t h i s  work are described i n  
t h e  t a b l e  at  t h e  lef t .  The pur i ty  of these gases w a s  
checked m a s s  spectrometrically. N i t r i c  oxide w a s  pur i f ied 
by first condensing the  gas at  l iquid-nitrogen temperature 
and then pumping it. 
ables, t h e  NO gas w a s  ra ised t o  -140' C and passed through 
a second cold t r a p  at  -100' C t o  insure t h e  complete re- 
moval of nitrogen dioxide ( N O z ) ,  which w a s  present i n  the  
tanked NO gas. With t h i s  treatment, t he  NO gas w a s  ana- 
lyzed m a s s  spectrometrically t o  be at  l e a s t  99.5 percent 
pure. 

After t h e  removal of noncondens- 

Nitrogen dioxide gas w a s  prepared by adding tanked 
The mixture w a s  then cooled t o  02 gas t o  pur i f ied  NO gas. 

-7OO C and evacuated t o  remove noncondensables. Then t h e  
contents were raised t o  -20' C, and a portion of t h e  con- 
t e n t s  w a s  col lected i n  a storage f l a s k  t o  be used i n  the  
t i t r a t i o n  of oxygen atoms. 

Production of Atomic Oxygen 

For t h i s  investigation it w a s  necessary t o  produce a stream containing 0 

F i r s t ,  a stream of molecular nitrogen ( N 2 )  w a s  p a r t l y  (1 t o  2 percent) 
but  with the complete, or nearly complete, absence of 02. 
ways. 
dissociated i n  a microwave discharge (produced by a Raytheon KV104 (NB)lOO-W 
microwave generator) then NO w a s  added i n  an amount j u s t  su f f i c i en t  t o  destroy 
the  nitrogen atoms and replace them with oxygen atoms. This procedure i s  de- 
scribed i n  d e t a i l  i n  reference 2. The second technique used subjected a stream 
of argon ( A r )  containing 1.8 percent 02 t o  a microwave discharge. 
produces about 50 percent dissociat ion of the  02 ,  and so does not y ie ld  a mix- 
t u r e  completely f r e e  of O2 as did the  n i t r i c  oxide and atomic nitrogen (NO + N )  
technique. The concentration of 0 2 ,  however, i s  SO low tha t ,  t o  a f irst  ap- 
proximation, it can of ten be neglected. 

This w a s  done i n  two 

The discharge 

Mass-Spectrometric Monitoring of Oxygen Atom Concentrations 

Atomic oxygen can be monitored with the  m a s s  spectrometer e i t h e r  at m a s s -  
to-charge ra t io ,  m/e  = 16  o r  a t  m/e  = 8. The former can be used only i n  t h e  
absence of interference from 02 ,  NH3, or  other molecules t h a t  y ie ld  prominent 
m/e = 1 6  peaks. The la t te r  can be used whenever such interference i s  present. 
It i s  de f in i t e ly  preferable t o  work at  when possible, because t h e  
instrument i s  operated a t  30 ionizing electron vol t s  and at a r e l a t ive ly  low 
s e n s i t i v i t y  level. I n  t h i s  manner of operation, t h e  noise l e v e l  i s  so low t h a t  
an excellent signal-to-noise r a t i o  can be achieved. When it i s  necessary t o  
work at 
t i n g  is  required t o  monitor 0 concentration changes. Such operating conditions 
result i n  a poor signal-to-noise ra t io .  The use of m/e  = 8 t o  detect  oxygen 
atoms has been discussed i n  d e t a i l  i n  reference 1. 

m/e = 1 6  

m/e = 8, 85 ionizing electron vol t s  and a very high sens i t i v i ty  set- 
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Figure 2. -Titration curves for NO + N - 0 + N2 
reaction. Bendix operating at 30 ionizing elec- 
tron volts; nitrogen carrier gas, flow rate, 1.5 
cubic centimeters per second (normal tempera- 
ture and pressure, NTP); system pressure, 
0.62 millimeter of mercury. 

In  t h i s  report ,  it w a s  possible t o  use 
the peak a t  m/e = 16  
with 0. 
react ion so t h a t  no 02 w a s  present.  
react ion of ammonia with atomic oxygen (NH3 
+ 0) ,  however, it w a s  necessary t o  use the 
peak a t  
a strong NH2 peak a t  

f o r  the reaction of H2 
The 0 w a s  generated by the N + NO 

For the  

m/e = 8, because NH3 w i l l  contribute 
m/e = 16.  ' 

Calibration of the mass spectrometer f o r  
0 w a s  accomplished by causing mixtures con- 
ta ining known concentrations of 0 t o  flow past 
the mass spectrometer leak and then re la t ing  
the ion current a t  
concentration. Two techniques were used t o  
generate gas streams containing known concen- 
t ra t ions  of 0. 

m/e = 8 or 16 t o  the 0 

In  one technique (ref.  2 >, NO w a s  added 
t o  a stream of pa r t ly  dissociated nitrogen un- 
til the NO flow w a s  j u s t  suf f ic ien t  t o  reac t  
with a l l  the  atomic nitrogen ( N ) ,  thus genera- 
t i ng  a stream containing only Nz and 0. The 
flow r a t e  of 0 at  t h i s  equivalence point i s  
equal t o  the  flow of NO i n t o  the  stream. An 
i l l u s t r a t i o n  of the r e su l t s  of t h i s  technique 
i s  shown i n  f igure 2, where a typ ica l  s e t  of 
t i t r a t i o n  curves i s  shown. The m a s s  spec- 
trometer peak in tens i ty  f o r  0, N, and NO a re  
plot ted against the flow r a t e  of NO added t o  
the  stream of par t ly  dissociated nitrogen. 
The equivalence point, where the  flow of NO 
j u s t  equals the  flow of N before reaction and 
the  flow of 0 a f t e r  reaction, can be clear ly  
seen i n  t h i s  f igure.  

I n  the  second technique, Ar-02 mixtures 
were dissociated by the  microwave discharge, 
and the  0 concentration was measured by adding 
NO2 u n t i l  the  0 peak disappeared ( re f .  3). 
The NO2 flow r a t e  w a s  then equal t o  the 0 flow 
rate .  This technique w a s  a lso used i n  re fer -  

ence 1 t o  ca l ibra te  the  m a s s  spectrometer. 

The discharge efficiency of the microwave generator changed s l i g h t l y  with 
pressure. 
these corrections never exceeded 10 percent ( r e f .  1). 
the pressure correction is  given i n  reference 1. 

The experiments were performed over small pressure ranges s o  t h a t  
Further discussion of 
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Calculation of R a t e  Constants 

Ln a previous work ( ref .  1> the  authors employed mixtures of 02 and 0 
containing about 2 0  percent 0. In  t h i s  case, it w a s  necessary t o  cor rec t  f o r  
the recombination of 0 r e su l t i ng  from the react ions 

0 + 0 + M +  02 + M 

0 + O2 + M-, O3 + M 

and 

where M is  a L i r d  body. Now, however, the concentration of 0 is  a-out a 
f ac to r  of PO smaller than before, and the concentration of O2 is e i the r  negl i -  
g ib le  or i s  about a fac tor  of 100 smaller than before. A s  a r e su l t ,  the  re- 
combination corrections t h a t  w e r e  required i n  the previous work are s o  small 
that they can be neglected. 

Thus, for the  bimolecular react ion of 0 with a gas B i n  the st irred reac- 
d o 1  upon the addition of B is  to r ,  the decrease of oxygen atom concentration 

related t o  the rate constant k by the  following expression 

a = -k[O][B] 
At 

where At 
the  oxygen atom concentration i n  moles per cubic centimeter i n  the  reactor  
after the addition of B. 
cubic centimeter of B inside the  st irred reactor .  

i s  the residence t i m e  of the  gases i n  the s t i r r e d  reactor  and [ O ]  is  

The quantity [B] i s  the  concentration i n  moles per 

The residence time At  w a s  assumed t o  be the  reactor  volume divided by 
the  t o t a l  volumetric flow r a t e  a t  the reactor  pressure.  The concentration of 
0 before and a f t e r  addi t ion of the  reac tan t  gas B w a s  measured by the mass 
spectrometer ca l ibra ted  as described in  the previous section. The concentra- 
t i o n  of reactant  gas B inside the  reactor  w a s  obtained by subtracting the  
amount of B used up by chemical react ion from the  flow rate of B i n to  the  reac- 
t o r .  Dividing t h i s  difference by the t o t a l  flow rate yielded the mole f r ac t ion  
of B, s ince the  pressure and temperature of the  gas i n  the  st irred reactor  are 
known. In  the  work described i n  t h i s  report  only a s m a l l  f rac t ion  of t he  added 
gas B w a s  used up by chemical reaction. Direct measurements of t h i s  f r ac t ion  
with the  m a s s  spectrometer were subject t o  t h e  usual instrument noise, so a 
b e t t e r  procedure w a s  used whereby t h i s  f rac t ion  w a s  calculated from t h e  amount 
of 0 used i n  t h e  react ion and t h e  stoichiometry of t he  reaction. The react ion 
stoichiometry w a s  calculated from known rate constants for t he  molecular hy- 
drogen and atomic oxygen (H2 + 0)  reaction, and w a s  measured from NO production 
f o r  t he  NH3 + 0 reaction, as described i n  t h e  section Stoichiometry of Reac- 
t ion ,  p. 17. 
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Precision and Accuracy 

For t he  present work, as i n  reference 1, the  precision of t he  data herein 
could be considerably improved by l imi t ing  the  amount of added gas B t o  about 
15 percent of t he  t o t a l  flow. 
ion current  ( ref .  l), and especial ly  improved the  precis ion a t  low tempera- 
tures where la rger  amounts of added gas B were used. 

This minimized the  pressure correction t o  the 

The precis ion of the  mass-spectrometric analyses f o r  reactants  and prod- 
uc t s  was  poor. 
t he  mass spectrometer. 
a l l  the  reac t ion  products w e r e  measured simultaneously with the  LO] and ex- 
pressed as r a t i o s  t o  t h e  L O ] .  
t he  react ion products were obtained immediately a f t e r  a run by adding known 
amounts of the reac t ion  products t o  the  gas flow. The precision f o r  the  meas- 
urement of react ion products In terms of ra t ios  t o  the  LO1 w a s  about 125 per- 
cent f o r  most of the data. Thus, the  precision fo r  the analysis  of any indiv- 
dual component is  about half  t h i s  value, or about +12 percent. 

Pa r t  of the low precis ion could be a t t r i bu ted  t o  i n s t a b i l i t y  of 
I n  order t o  minimize e r ro r s  due t o  t h i s  i n s t ab i l i t y ,  

Mass-spectrometer ca l ibra t ion  curves for each of 

A s  discussed i n  reference 1, t h i s  technique leads t o  a precision of about 
+20 percent and an accuracy of about k 5 0  percent for t he  rate constants and an 
accuracy of about 120 percent (- 41.5 kcal )  f o r  the  ac t iva t ion  energies. 

FEACTION OF HYDROGEN WITH ATOMIC OXYGEN 

The react ion of 0 and H2 has been studied by others using a var ie ty  of 
methods ( r e f s .  4 t o  7 ) .  
the  experimental technique used herein and t o  provide new information on t h i s  
important reaction. 

The object i n  studying t h i s  react ion again was  t o  t es t  

Atomic Oxygen Consumption i n  S t i r r ed  Reactor and Order of Reaction 

For study of the  Hz + 0 reaction, 0 w a s  produced by the  N -t NO t i t r a t i o n  
technique. A constant flow rate of 0 in to  the s t i r r e d  reactor  w a s  maintained 
by a constant flow of NO in to  the  dissociated nitrogen stream upstream of the  
reactor .  The flow rate of NO was  adjusted s o  tha t  a l l  the  nitrogen atoms were 
replaced by oxygen atoms, with no excess of NO. 
s t irred reactor  i n  increasing s teps ,  and the  LO] w a s  measured a t  each s tep.  
The r e s u l t s  from measurements of t h i s  kind a t  three temperatures a re  presented 
i n  table I and p lo t ted  i n  f igure 3. 
against  t he  r a t i o  of t he  hydrogen flow rate 
Ft, FH2/Ft. Since the  amount of hydrogen used up by chemical reaction i s  

s m a l l ,  FH2/Ft Ex- 

amination of equation (1) f o r  t he  bimolecular reaction r a t e  expression shows 
t h a t  t h e  p lo t s  of 
a t  constant pressure. This i s  shown i n  f igure  3 i n  which the  oxidation reac- 
t i o n  closely approximates a bimolecular reaction, first order i n  both 0 and 

Then, Hz w a s  added t o  the 

Shown i n  t h i s  f igure a re  p lo ts  of n [ O ] / [ o ]  

Fk2 t o  t he  t o t a l  flow r a t e  

i s  approximately equal t o  the mole f rac t ion  of hydrogen. 

A[O ] / LO 1 against  FH2/Ft should approximate s t r a igh t  l i n e s  

H2. 
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Products of Reaction 

H z P  
Ratio of hydrogen flow rate to total flow rate, F 

The only products of the  reaction 
thaL could be detected were 02, H20, and 
H. I n  reference 1 only H20  and H could 
be ident i f ied as  t he  pr incipal  products. 
The presence of a large excess of 02 i n  
tha t  case prevented the  detection of 02 
as a reaction product. 

Mechanism of Reaction 

Enough is  known about t he  reactions 
of hydrogen w i t h  oxygen t o  allow a mecha- 
nism t o  be writ ten based on the  observed 
products of the reaction and the  experi- 
mental conditions. This mechanism i s  

H2 f 0 + O H  + H ( 2 )  

OH + 0 + 02 + H (3) 

OH + H2 + H20 + H (4 )  Figure 3. - Oxygen atoms consumed by added molecular 
hydrogen. Temperature range, 4ooo to 6W K; nitro- 
gen carrier gas flow rate, 1.5 cubic centimeters per 
second; system pressure, 0.7 to 0.8 millimeter of 
mercury. 

Reaction (4)  is  selected over the a l t e r -  
nate water-forming reaction 20H + H20 + 0 
because it may be shown (by using r a t e  

constants from ref.  8) that the  r a t e  of t h i s  reaction must be negligible when 
compared w i t h  reaction (4) .  

Calculation of Rate Constant for Reaction H2 + 0 + OH + H 

The r a t e  constant k2 for the i n i t i a l  elementary reaction of H 2 +  O-,OH+H 
i s  of primary in t e re s t  because it determines t o  a great  extent the overal l  r a t e  
of the oxidation. An expression f o r  k2 i n  terms of experimentally measured 
quant i t ies  and the two remaining r a t e  constants k3 and k4 can be derived 
from the reaction scheme of the previous section by assuming the steady s t a t e  
for  (OH). This expression is  as follows (d i f f e ren t i a l s  have been replaced by 
f i n i t e  differences appropriate t o  the s t i r r e d  reactor  1 : 

This expression can be rewri t ten as 
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I+$J 1+- 

where X H ~  is the mole f rac t ion  of H2, and X ,  is  the mole f rac t ion  of 0 i n  

the mixture. 

were measured d i r ec t ly  O f  the  terms i n  equation (6), d o ] ,  EO], and At  
by techniques described i n  an ea r l i e r  section Calculation of Rate Constants; 
however, the concentration of hydrogen [H2] and the t e r m  i n  brackets must a l so  
be known i n  order t o  calculate  k2. Consider first the term i n  brackets. In- 
spection of the equation shows that, fo r  small concentrations of H2 r e l a t i v e  t o  
0, the term i n  brackets assumes the constant value of 2 .  This was the case i n  
the investigation of the H2 + 0 reaction performed by Clyne and Thrush ( r e f .  4). 

Unfortunately, i n  the work presented herein, the concentration of H2 is 
high enough s o  that t h i s  simplification cannot be made. 
and k4, however, may be obtained from reference 8, and the term i n  brackets 
which w i l l  be ca l led  f ,  can be calculated f o r  experimental conditions of t h i s  
investigation. It was  usef'ul t o  calculate the r a t e  constant fac tor  f a s  a 
function of temperature a t  constant i n i t i a l  mole f rac t ion  of H , defined as the 
r a t i o  of the flow r a t e  of hydrogen t o  the t o t a l  flow r a t e  (FH TFt). The exper- 

imental data i n  f igure 3 a re  used t o  f ind dOl/[O],  and hence L O 1  a t  constant 
FH2/Ft* Then, was  determined with su f f i c i en t  accuracy from the flow 

of H2 in to  the reactor  and the concentration of 0. This approximation i s  sat-' 
isfactory since only about 5 percent of the  H2 i s  consumed i n  the reaction, as 
w i l l  be discussed i n  the following paragraph. Figure 4 shows a p lo t  of calcu- 
l a t ed  values of f against  temperature. Three curves a re  shown f o r  t h e e  con- 
s t an t  values of the H2 mole f rac t ion  FH /Ft, which cover the range of hydrogen 

2 
concentrations encountered herein. A s  expected, the value of f approaches 2 
a t  low temperatures and low H2 concentrations. 
from its l imit ing value of 2 was about 20 percent a t  the highest temperature 
and la rges t  H2 concentration. 

The r a t e  constants k3 

2 

The l a rges t  deviation o r  f 

For most of the  experimental conditions, the 

4 0 0 4 4 0 4 8 0 5 2 0 5 6 0 6 0 0  
Temperature, OK 

Figure 4. - Calculations of rate constant factor 
f for Hp * 0 - OH + H reaction. 

deviation of f from 2 is less than 10 per- 
cent. 
of 2, resul t ing from the  r e l a t ive ly  high LH21 
i n  the  work presented herein, a r e  minor i n  
nature. 

Corrections t o  the  l imit ing value 

As  mentioned previously, it i s  a l so  
necessary t o  know the [Hz] i n  the reactor i n  
order to calculate  k2. In  principle,  the 
mass spectrometer can be used for t h i s  pur- 
pose, since it is  eas i ly  cal ibrated f o r  H2 .  
A large excess of H2 was used, however, which 
meant t h a t  only a small percentage of the H2 
admitted t o  the s t i r r e d  reactor was destroyed 
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by chemical reaction. Detection of these s m a l l  changes by t h e  mass spectro- 
meter w a s  possible, but  t h e  results w e r e  not very useful  because of t h e  low 
precision of t h e  measurements. The amount of H2 l o s t ,  being very s m a l l ,  w a s  
calculated with su f f i c i en t  accuracy from t h e  measured 0 loss,  as described i n  
the  following paragraph. 

By assuming the steady state f o r  OH, reactions ( 2 ) ,  (3), and ( 4 )  give f o r  
the  s t i r r e d  reactor  

When the r a t i o  of H2 t o  0 is  su f f i c i en t ly  small, as i n  reference 4, the  t e r m  
i n  brackets reduces t o  uni ty .  
expression f o r  the  r e l a t i v e  stoichiometry: 

Dividing equation (5)  by equation ( 7 )  yields an 

This equation shows t h a t  the r e l a t i v e  number of moles of 0 reacted per mole of 
H2 reacted var ies  from 2 f o r  small values of the  H2 t o  0 r a t i o  t o  0.5 f o r  very 
la rge  excesses of H2 .  

I n  practice,  it w a s  useful  t o  construct char ts  of r e l a t i v e  stoichiometry 
as a function of temperature a t  constant hydrogen flow in to  the reac tor .  These 
were made by interpolat ing experimental values of 
of i n i t i a l  H2 mole f r ac t ion  (expressed as a f r ac t ion  of t o t a l  flow) from f ig-  
ure  3. 
oxygen atom concentration ([O],)  from tab le  I t o  f ind  [ 01. 
the  reactor  can be used t o  ca lcu la te  the i n i t i a l  molecular hydrogen concentra- 
tion([H2l0), the amount of H2 that would be present i n  the  absence of chemical 
react ion.  To a su f f i c i en t ly  good approximation, [H2lO/[Ol  = X H ~ / X O .  This 
f rac t ion  can then be used with equation (8 ) t o  calculate  n[ 01 /n[Hz 1, the  rela- 
t i v e  stoichiometry. I n  t h i s  way, figure 5(a> w a s  constructed, giving the  rela- 
t i v e  stoichiometry as a function of temperature a t  constant hydrogen flow ex- 
pressed as the f rac t ion  of t h e  t o t a l  flow rate, Q2/Ft. This figure shows t h a t  
t h e  r e l a t i v e  stoichiometry varies from about 1.1 t o  2.0 f o r  t h e  range of ex- 
perimental variables covered i n  t h i s  report. 

experimental values of A[O] and [H2Io  t o  f ind  A[H~I / [H~]O,  t h e  f r ac t ion  of 
H2 .consumed i n  the reaction. Figure 5 (b )  shows these f rac t ions  as a function 
of temperature a t  constant H2 mole f r ac t ion  Q2/Ft .  
t h e  amount of H2 consumed i n  t h e  reac tor  i s  small, ranging from 1 t o  10 percent 
of t h e  H2 introduced i n t o  t h e  reactor.  The curves i n  figure 5(b) can e a s i l y  be 
used t o  calculate  [Hz] i n  t h e  s t i r r e d  reac tor  from experimental values of t h e  
H2 mole f r ac t ion  Qz/Ft .  

d O l / [ O l  a t  constant values 

These values of dO]/[O] were used with experimental values of i n i t i a l  
The HZ flow i n t o  

The relative stoichiometries derived from f igure  5(a) can be used with t h e  

This figure shows t h a t  
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(a) Relative stoichiometry. 
.12 

.10 

.08 

.06 

.04 

.02 

0 
4 0 0 4 4 0 4 8 0 5 2 0 5 6 0 6 0 0  

Temperature, OK 

(b) Fraction of hydrogen consumed. 

Figure 5. - Calculations of relative stoichi- 
ometry and fraction of molecular hydro- 
gen consumed. 

I n  summaw, the  calculation of r a t e  con- 
s t an t s  
by using equation (6)  requires experimental 
data f o r  At ,  ACOl, and [ O ] ,  a l l  of which 
were d i r ec t ly  measured. I n  addition, a cor- 
rec t ion  f ac to r  f f o r  water formation i s  
needed, which can be calculated with su f f i -  
c ien t  accuracy. The remaining experimental 
da ta  required a re  f o r  [H21 i n  t h e  reactor. 
These were determined by application of s m a l l  
calculated correction fac tors  t o  [H210 i n  t he  
reactor  i n  t h e  absence of chemical reaction. 

k~ f o r  t he  reaction H2 + 0 + CIH + H 

The r e s u l t s  of the calculat ion outlined 
i n  the preceding paragraph are given i n  
tab le  I and are shown i n  f igure  6, where a 
semilogarithmic p lo t  of t h e  r a t e  constant k2 
against  reciprocal  temperature I/T i s  
shown. The equation of t h e  l i n e  through t h e  
data  is 

k2 = 4 . 3 ~ 1 0 ' ~  exp( -10.2/RT) 

cc/(mole) (sec)  

This result i s  compared with data  from ref- 
erences 4, 6, and 7 i n  f igure 7. The most 
recent data covering a range of temperature 
similar t o  the  range i n  t h i s  report  are from 
reference 4. The rate constants herein av- 
erage about 20 percent higher than those of 
reference 4 and t h e  act ivat ion energy herein 
i s  0.8 k i loca lor ie  per  mole higher than t h a t  
of reference 4. The agreement i s  sa t i s f ac -  

tory,  considering t h e  completely d i f fe ren t  methods used and the  estimated ac- 
curacy of S O  percent f o r  t h e  rate constants of t h i s  investigation. 

The present authors conclude t h a t  the  st irred reactor  y ie lds  r a t e  constants 
t h a t  agree with those obtained by other  techniques, within t h e  estimated accu- 
racy of S O  percent. 

EFFECT O F  MOLECULAR OXYGEN ON OXIDATION RATE OF 

M0I;ECULA-R HYDROGEN BY ATOMIC OXYGEN 

I n  a previous work ( re f .  1) the react ion of H2 with mixtures of 02 and 0 
The overa l l  rate constant defined i n  equation (1) for  the dis-  were studied. 

appearance of 0 i n  the s t i r r e d  reactor  w a s  

kg = 2 . 8X1Ol3  exp( -8.3/RT) cc/(mole)( sec)  ( 9 )  

10 



1 

0.08 
.12 
.09 
.13 
.11 
.07 
.07 

1.7 
2.0 
1.8 
2.0 
1.9 
1.5 
1.6 

TABLE I. - STIRRED REACMR !.EASURE%XTS OF A M M I C  OXYOEN WITH MOLECULAR KYDROGEK 

h a o t i a n  of 
lydrogen gal 

consumed 
.alculated) 
i[H21/LH210' 

'empera- 
t u r e ,  
OK 

litr-ic oxide 
;as added or 
mygen atoms 

produced 
(NTP) a 

E C / S i C  

F m c t i o n  of 
oxygen atoms 
cur.swned i n  
r e a c t o r  un- 
o r r e c t e d  for  
pressure, 
A[O /LO]* 

!b) 

es idence  F a c t o r  
r e l a t l n  

k2 t o  -A?O] 
( c a l c u l a t e d ) ,  

r 

i t r o g e n  carrier 
gas  flow i n t o  oxygen atoms 

ccneumed i n  
Peac tor  by 

Feaction With 
ided molecular 

h d r o  en, 
n~o1/701 
0.07 
.12 
.20 

1.17 
.85 
.70 
.37 
.75 

1.07 
3.12 
.72 

1.27 
2.16 
.46 
.98 

2.40 
3.02 

0.08 
.07 
.05 
.07 

2.42 
.6 

1.56 
.31 
.92 

2.66 
2.66 

0.21 
.48 
.82 
.87 
.20 
.46 
.72 
.13 
.38 

1.03 

0.08 
.22 
.30 
.28 
.36 
.38 

0.05 
.06 
.05 
.22 
.18 
.21 

1. lx108- 
1.0 
1.6 

0.15 
.24 
.33 

1.25 
.93 
.78 
.40 
.82 

1.10 
3.21 
.74 

1.31 
2.24 
.48 

1.01 
2.47 
3.12 

0.19 
.16 
.10 
.13 

2.51 
.63 

1.62 
.32 
.95 

2.77 
2.77 

0.23 
.54 
.91 
.96 
.22 
.51 
.a0 
.15 
.43 

1.14 

0.08 
.28 
.37 
.37 
.45 
.45 

0.09 
.09 
.09 
.30 
.26 
.31 

0.034 
,033 
,034 

0.034 
.034 
.033 
.034 
.034 

0.034 
,034 

' O l  

0.037 
.037 
.033 
,031 

0.032 
,033 
,033 

'T' 

1 

1 

0.032 

I 
,031 

0.032 

0.035 
,034 
,030 
,027 
,039 
,027 

0.01 2.0 

.01 2.0 

.01 I 2.0 
396 
397 
397 

506 
506 
510 
510 
510 

596 
596 
600 
600 
600 6r 
399 
399 
400 
400 

595 
597 
597 
595 

1 

.1 
507 

509 

I 
451 
451 
449 

0.66 
.69 
.70 

0.67 
.67 
.67 
.64 
.66 

0.64 
.68 
.64 
.65 
.67 
.64 
.64 
.66 
.68 

0.68 
.68 
.65 
.66 

0.67 
.64 
.65 
.63 
.64 
.69 
.68 

0.64 
.65 
.67 
.67 
.64 
.65 
.67 
.63 
.65 
.69 

0.66 
.67 
.68 
.68 
.69 
.67 

0.70 
.70 
.70 
.67 
.68 
.69 

__ 
1.2x108 
i.19 per= 

2 . 4 ~ 1 0 ~  
1.9 
1.6 

Average value 
Average d e v i a t i o n  

0.04 1.9 

.07 2.0 
1.9 

2.1 

2.0~109 

2.0 
~ 

210 p e m e n t  
~ 

Average va lue  
Average d e v i a t i o n  

0.12 
.08 
.12 
.ll 
.08 
.12 
.11 
.09 
.07 

10. 7+109 
10.0 
9.3 
8.3 
7.4 
6.9 
7.9 
9.9 

Average value 
Average d e v i a t i o n  

1 O I 3  

0.01 

.01 :E 1 2r 0.76~10' 

1.2 
1.2 

.67 

.- 
524 0.96~10~ percent  

__ 
Average va lue  

Average d e v i a t i o n  

7.7~10' 
7.5 
7.6 
8.7 
8.3 
7.6 

.~ 
7.4 

7. ~ ~ 1 0 9  
i.5 percent  

1 . 8 ~ 1 0 ~  
1.6 
1.6 
1.9 
1.8 
1.6 

__ 
Average v a l u e  

Average d e v i a t i o n  

L8a 
.6b 
.8C 
.8d 
9a 
.9b 
.9c 
'Oa 
!Ob 
!OC 

1 
2 
3 
4 
5 
6 

0.047 
,124 
,213 
,196 
,045 
.I17 
.185 
,030 
,111 
,265 

0.081 
,132 
,196 
,209 
,210 
,159 

0.07 
.05 
.04 
.04 
.07 
.05 
.04 
.08 
.06 
.03 

2.0 
2.0 
1.9 
1.9 
2.0 
2.0 
1.9 
2.0 
2.0 
1.9 

1.6 
1.6 
1.4 
1.7 

1. 7 ~ 1 0 ~  
t6 m r c e n t  

Average value 
Average d e v i a t i o n  

~_______  

0.04 2.0 

.02 

.03 

2.9x108 
5.2 
4.8 
4.5 
5.6 
7.4 

5.lXlO8 
t20 p e r c e n t  

1 . 6 ~ 1 0 ~  
2.3 
1.6 
3.6 
2.7 
2.4 

Average value 
Average d e v i a t i o n  

425 

Average value 
Average d e v i a t i o n  

i.21 2.4310' percent  

Normal temperature and pressure 
'A[O] = [O], ( i n i t i a l  oxygen atom Concent ra t ion)  - [ O ]  ( f i n a l  oxygen atom Concent ra t ion) .  
see p .  B or t e x t .  
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Figure 7. - Comparisons of rate constants for H2 + 0 - O H  + H reaction. 
1-3 

Reciprocal temperature, U°K 

Figure 6. - Rate constants for H2 + 0 - OH -F H 
reaction. 

It is in t e re s t ing  t o  compare these rate constants with those far the  ais- 
appearance of 0 i n  the  absence of 0 2 .  
consumption of 0 were used t o  ca lcu la te  rate constants for the  react ion 
H2 + 0 4 OH + H. 
r a t e  constants for oxygen atom disappearance i n  the  absence of 02.  
defines the overa l l  r a t e  constant k t h a t  is calculated i n  t h i s  way. (Compar- 
ison of eqs. (1) and ( 6 )  shows that 
eq. ( 6 )  i s  approximately 2) .  
constants f o r  an excess of 02.  
increases t h e  rate of disappearance of 0 from a fac to r  of 5 at  low temperatures 
t o  about 3 a t  high temperatures. In  t h e  following paragraphs, t h i s  increase i n  
r a t e  i s  explained. 

In  the  preceding section, data for t he  

These same data  ( t ab le  I) can be used t o  ca lcu la te  overa l l  
Equation (1) 

k1 = 2k2, since the  t e r m  i n  brackets i n  
The r e su l t s  are shown i n  f igu re  8, along with rate 

It can be seen t h a t  the  presence of 02  grea t ly  

I n  t h e  presence of 02,  it i s  necessary t o  add two reactions t o  t h e  three- 
reaction scheme proposed previously f o r  t h e  react ion of H2 with 0 (ref. 4) .  
With these reactions,  t h e  react ion scheme f o r ' t h e  react ion of H2 with ( 0 + 0 2 )  i s  

12 



Rate constants' for oxygen 
consumption in near-absence of 

consumption in presence of excess 
, kg  = 2 . 8 ~ 1 0 ~ ~  e-8.31RT (ref. 1) 

02, k1 =a2 

--_ 

-Rate constants for oxygen atom 

(12 1 
Then by assuming steady state f o r  hydroxyl rad- 

\ \ 

\ 

'\ 

\, 

O H + O + 0 2 + H  (3) 

OH + H2 + H20 + H (4) 

The purpose herein is t o  show how the pre- 
ceding reaction mechanism can explain the ef- 
f e c t  on the r a t e  of 0 disappearance produced 
by 02. 
mechanism i s  used with the data f o r  the  H2 
with 0 + 02 react ion t o  deduce r a t e  constants 
f o r  the reaction H2 + 0 + OH + H. These rate 
constants can then be compared with the r a t e  
constants obtained i n  the previous sect ion 
from the react ion i n  the absence of 02. 

In  order t o  dG t h i s ,  the react ion 

On t h e  bas i s  of t h e  preceding reaction 
mechanism, the  oxygen atom decay rate 
may be expressed as follows: 

-d[O]/dt 

Figure 8. - Comparison of rate constants r .  

dL OJ 
d t  kz[OI[H2I + k3[0HI[OI + klo[HI[O2][M] - - =  for oxygen atom consumption for the 

H2 + .O reaction. 

(13) 
Expressions f o r  t h e  concentration of atomic hydrogen [HI and [OH] were obtained 
as follows: For [HI one makes use of t he  equation 

This equation can be put  i n t o  the  f ini te-difference form appropriate t o  the  
s t i r r e d  reactor .  Since [HI i s  zero, equation ' ( 14) gives 

[HI = 2kz[H2I [OIAt (15) 

where At i s  the residence time i n  the s t i r r e d  reactor .  For [OH] one f inds  
that 

13 



Now a f t e r  proper subst i tut ion and conversion t o  the  f ini te-difference 
form, equation (13) may be wri t ten a s  

r -I 

I 
(17 

L.4 1+- 
k3Xo J 

Values of k2 were calculated from t h i s  equation by using the experimen- 
t a l  data for  the H2 with 0 -i 02 reaction from reference 1 and a value of k10 
based on references 9 and 10. Reference 9 reported a value of k10 of 
0.78X1016 cubic centimeters squared per mole squared per second a t  293' K fo r  
M = argon and an act ivat ion energy &E of -1600 calor ies .  Reference 10 pro- 
vided information t o  calculate  k10 f o r  the experimental conditions of re fer -  
ence 1, where M = 02. Values of k3 and k4 were again taken from re fer -  
ence 8.  The r e su l t s  of t h i s  calculation a re  shown i n  figure 9, where the cal- 
culated r a t e  constants a r e  compared with values obtained i n  near-absence of 02 
from the preceding section. This f igure shows tha t  the calculated r a t e  con- 
s tan ts  agree f a i r l y  wel l  with the values measured more d i rec t ly .  This agree- 
ment gives evidence favoring the reaction mechanism proposed fo r  the reaction 
of H2 with 0 + 02 mixtures. Thus, the increased r a t e  of oxygen atom disap- 
pearance i n  the presence of 02 is due t o  the reaction H + 02 -I- M-. H02 + M. 
The H02 formed i n  t h i s  reaction reacts  with 0 t o  form OH and 02. 
removes an oxygen atom by reaction t o  form 02 and H, thus regenerating H. 
net  e f f ec t  i s  that each molecule of H02 t h a t  w a s  formed removes two oxygen 
atoms. 

The OH formed 
The 

REACTION O F  AMMONIA WITH ATOMIC OXYGEN 

The reaction of 0 and NH3 has been studied previously ( r e f s .  I, 5, 11, 12, 
and 13), but never very thoroughly, and never i n  the absence of 02. 
present report ,  the authors have studied the reaction without 02, have measured 
approximately the stoichiometry f o r  a l l  pr incipal  products and reactants,  and 
have suggested a reaction mechanism. 

In the 

Atomic Oxygen Consumption i n  S t i r red  Reactor and Order of Reaction 

For study of the NH3 -i 0 reaction, 0 was produced both by the N -t NO t i t r a -  
t i on  technique and by subjecting a 1.8-percent 02-Ar mixture t o  a microwave dis- 
charge. m/e = 16, 
it was necessary t o  monitor 0 consumption a t  
of 85 vo l t s .  

Since NH3 produced a strong peak i n  the mass spectrometer a t  
m/e = 8 with an ionizing voltage 

This technique was used t o  measure the amount of 0 consumed i n  the s t i r r e d  

14 



Calculated rate corfstant 
data for H2 + 0 reac- 
t ion in presence of 
excess 0, 

Tempi 

5.2 

4.8 ! 

1.5 
I I  

0 2.5 3 . 0 ~ 1 0 ~  
R ecipr oca1 temper at u re, l l0K 

Figure 9. - Calculated rate con- 
stants for H2 + 0 - OH + H 
reaction in presence of excess 
molecular oxygen. 

IP 
0 

I '  
ture, 

0 .24 
Ratio of ammonia flow rate to  total flow rate, FNH-,/Ft 

Figure 10. - Oxygen atoms consumed by added 
ammonia. 

reac tor  a t  increasing leve ls  of NH3 concentration f o r  three temperatures. 
These data are shown i n  t ab le  11. As  discussed previously fo r  H2, the  p l o t s  of 
& O ] / [ O ]  against  FNH,/Ft, t he  r a t i o  of the  ammonia flow t o  the  t o t a l  flow, a re  

expected t o  approximate s t r a igh t  l ines  f o r  a bimolecular reaction. These p lo t s  
are shown i n  f igure  10, where 
Fm5/Ft f o r  a l l  three temperatures. 

first order i n  both NH3 and 0, within experimental e r ro r .  

n [ O ] / [ O ]  i s  indeed d i r e c t l y  proportional t o  
Thus, the  reac t ion  is  bimolecular and 
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lesldence 
time, 

A t ,  
sec  

Rela t ive  
s toichiometry 
A[OI/A[NH31 

A[O]z[NO 1 

0.16 

I 

4.4 

! 

Oa 
Ob 
Oc 
l a  
l b  
2a 
2b 

.036 
,083 
.143 
.023 
.044 
.050 
,097 

TABLE 11. - STIRRED REACTOR MEASUREICENTS OF ATOMIC OXYGEN W I T H  AMMONIA 

( a )  Atomic n i t rogen  and n i t r i c  oxide technique used a s  atomic oxygen source 

i i t r i c  oxidi 
:as added 03 
ixygen atomi 

uroduced 

Frac t ion  of 
oxygen atomi 
consumed in 
r e a c t o r  un- 
or rec ted  foI 
Dressure. 

' r essure ,  
Hg 

0.67 
.66 
.69 
. 6 6  
.69 
.66 

Rate cons tan t  empera- Nitrogen 
a r r i e r  ga: 
flow I n t o  
discharge 

cc/sef. 
(NTP) a 

Frac t ion  of 
oxygen atoms 
consumed In 

o r  oxygen aton 
consumption, 

c / (mole)(sec)  
k82> 

r e a c t o r  by 
r e a c t i o n  w i t t  
rdded ammonia, 

A [ O l / [ O l  

1.6~10' 
2.0 
1.1 
2.0 
1.1 
2.1 

0.38 
.30 

0.42 
.32 
.71 
.27 
.73 
.27 

0.020 
,034 
.034 
.037 
.037 
.020 

0.030 

. O r  .033 

.033 

.029 

.029 

0.035 
.035 
.035 
.034 

.Or 

.027 ' O r  

.027 
,027 

.032 

.64 

.25 

.65 

.25 

1.7~10~ 
222 percent  

Average valut 
Average devla t lo i  

0.66 
.66 
.69 
.66 
.71 
.69 
.68 
.66 
.70 
.66 
.68 

0.85~10' 
. 8 1  

0.15 
.15 
.49 
.19 
.83 
.86 
.62 
.48 
.93 
.28 
.63 

.72 

.89 
1.8  

1.2 
1.2 
1.7 
1.1 
1.1 
1.1 

1. lX1o9 
f 2 2  percent  

4.6X1O9 
4.7 
4.4 
4.5 
4.8 
3.6 
4.4 
5.4 

Average value 
Average devla t lor  

I 
1.51 l a  0.221 

:2al .042 
.2b .lo4 
.3a .074 

1.68 
.34 

. .77 
.58 
.39 
.82 
.26 
1.00 

0.69 
.67 
.66 
.66 
.66 
.67 
.67 
. 66  
. 68  
.67 

4.4 

J. 

.4al .046 

1.63 
.28 
.54 
.95 
1.56 
.24 
.61 

1.39 

1.21 
2.86 
5.94 
5.94 
1.97 
4.27 
5.99 
1.52 
4.50 
8.57 
.99 

1.94 
2.36 
4.13 

1.55 
.26 
.51 
.90 
1.48 
.22 
.58 

1.33 

. 6 6  

. 6 6  

.68 

.65 

. 66  

.67 5.2 

4.6~10' 
+ l o  percent  

Average value 
Average devl a ti or  

0.65 
.66 
.67 

5.3~10~' 
4.7 
4.7 
4.9 

1.51 1.20 
2.83 
5.86 
5.86 
1.95 
4.23 
5.93 
1.50 
4.46 
8.51 
.98 

1.92 
2.34 
4.09 

0.087 4 

.67 

.66  

. 6 6  

.67 

.66 

. 6 6  

5.2 
5.9 
5.1 
5.1 
6.2 
6.7 
5.1 
5.0 
5.5 
4.7 

5.3x1010 
f 8  percent  

.67 

.65 

.65 

.65 

.66 

Average value 
Average devia t ion  

aNormal temperature and pressure .  
bAIO]  = [ O ] ,  ( i n i t i a l  oxygen atom concent ra t ion)  - L O 1  ( f i n a l  oxygen atom concent ra t ion)  
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i 

Nitrogen 
a r r i e r  gas  
flow i n t o  
d ischarge  

cc/sec 
( N T P ) , ~  

TAEGE 11. - Continued. STIP3S.D REACTOR MEASUREMENTS OF ATOMIC OXYGEN WITH AMMONIA 

( a )  Concluded. Atomic n i t rogen  and n i t r i c  oxide technique used a8 atomic oxygen source 

N i t r i c  oxide 
gas added or  
oxygen atoms 

produced 

cc/sec 
( N T P ) , ~  

Run 

23b 
23c 
24b 
25a 
26a 
26b 
26d 
27a 
27b 
28a 
28b 
29a 

30a 
31 
32 
33 
34 
35 
36 
37 

Added 
ammonia 

flow 
(NTP) a 
cc / se i  

0.182 
,175 
,083 
.025 
.024 
.116 
.279 
.029 
.120 
.063 
.207 
.073 

0.015 
.021 
.026 
.038 
.029 
.017 
.034 
.033 

1 .51  

V 

'empera- 
t u r e ,  
OK 

324 
324 
326 
326 
326 

0.030 
,030 
.033 
,029 
.033 
,033 
.033 
,036 
,036 
.028 
,028 
.029 

588 
593 
594 
591 
589 
589 
595 
595 

0.030 
,029 
.024 
,020 
,026 
.022 
,022 
.022 

F r a c t i o n  of 
oxygen atoms 
consumed i n  
r e a c t o r  un- 
o r r e c t e d  for 

pressure ,  

A[O /LO]* 
lb ]  

0.93 
.80 
.60  
.16 
.17 
.51 

1.01 
.18 
.42 
.28 
.64 
.27 

0.35 
1.01 
1 .21  
1 . 4 0  
1 . 2 0  
.61 

1.65 
1 . 5 5  

Frac t ion  of  
oxygen a t o m  
consumed i n  
r e a c t o r  by 

r e a c t i o n  wl t t  
dded ammonia, 

A[ol/[ol 

0.85 
.73 
.56 
.15 
.16 
.46 
.90 
.17 
.37 
.25 
.55 
.24 

0.34 
1.00 
1.19 
1 .38  
1.19 

.60  
1.63 
1.53 

' ressure ,  
IIIJI Hg 

0.68 
.68 
. 66  
.65 
. 65  
.67 
.70 
.65 
.67 
.65 
.69 
.65 

.64 

.65 

.65 

Rela t ive  
toichiometry,  
A[O l/A[NH3 1 

A [ 0 NO 1 

4 L 

Average va lue  
Average devia t ion  

0.088 
.087 
.OB7 
,087 
.088 
.088 
. O B 7  
.087 

Average value 
Average devia t ion  

Sate constan1 
)r oxygen a t <  
consumption 

cc/(mole)(si  
%2 3 

1 . 5 ~ 1 0 ~  
1.3 
2 .2  
1.9 
2.3 
1 . 3  
1.1 
1 . 9  
1 . 0  
1.3 

. 9  
1.1 

1 . 5 ~ 1 0 '  
*27 percent  

2 . 7 ~ 1 0 ~ ~  
5 . 9  
5 . 3  
3 . 9  
4.6 
4 . 1  
5 . 5  
5 . 3  

4 .  7xlOl0 
+18 percent  

~ 

- 

aNormal temperature and pressure .  
bAIO] = [010 ( i n i t i a l  oxygen atom concent ra t ion)  - [O] ( f i n a l  oxygen atom c o n c e n t r a t i o n ) .  

Products of Reaction 

In  reference 1, the  pr inc ipa l  products of the NH3 with 02 + 0 react ion 
were NO and HzO; the  secondary product was H2, with possibly a t r ace  of H. 

I n  the work reported herein, the products were measured from NH3 react ing 
with 0 produced from the N + NO react ion.  
included NO and HzO; however, a mass spectrometer peak a t  
observed. This could not have been detected i n  reference 1 because of the  ex- 
cess of 02 present.  m/e = 32 could a r i s e  e i the r  from 02 or from 
hydrazine (N2H4). In  order t o  d i f f e ren t i a t e  between the  two, f u l l y  deuterated 
ammonia ND3 w a s  reacted with 0 f r e e  of 02. The peak a t  m / e  = 32 d id  not 
s h i f t ,  so t h a t  it must have originated from 02, and not from N2H4. 

A s  before, the  pr inc ipa l  products 
m / e  = 32 was a l s o  

The peak a t  

When 0 from the  N + NO react ion i s  used, a la rge  excess of N2 is present, 
s o  that any N2 formed as a react ion product could escape undetected. 
t h i s  poss ib i l i ty ,  NH3 w a s  reacted with 0 produced by a microwave discharge 
through a d i l u t e  1.8-percent 02-Ar mixture. 

To t e s t  

No N2 could be detected. 

I n  the  experiments described i n  tab le  11, H2 w a s  detectable as a minor 
There w a s  no nitrogen-containing product other product although H w a s  not. 

than NO; 02, H2, and H20 were the  remaining react ion products. 

Stoichiometry of Reaction 

Since there is  no nitrogen-containing product other than NO, each mole of 

1 7  



TABLE 11. - Concluded, STIRRED REACTOR MEASUREMENTS OF ATOMIC OXYGEN W I T H  AMMONIA 

( b )  1.8 Percent  molecular oxygen - argon mixture  used a s  atomic oxygen source 

Lesidence 
time, 

A t ,  
sec  

Rate cons tan t  
:or oxygen aton 

consumption, 

:c/(mole) ( s e c )  
kZ2 2 

Rela t ive  
s toichiometry 
A[OI/A[NH31 

A [ 0 ]%[NO I 

' r ac t ion  of I n i t i a l  oxy- 
ixygen atoms gen atom or 
onsumed i n  n i t rogen  d i -  
r e a c t o r  by oxide concen- 
, eac t ion  with tr?,tion, 

Pressure,  
mm Hg 

__ 
R u n  Added 

ammonia 
flow 

cc/se: 
a 

l ' a  
l ' b  
l ' c  
l ' d  
2 ' b  
3a 
3b 

0.0092 565 I ,0092 
,0083 
.0063 
.033 
.081 
.OB1 

0.12 

1 

4 .4  

V I 

I 

Frac t ion  of 
xygen atoms 
onsuned i n  
e a c t o r  un- 
or rec ted  f o i  

E773 
0.31 

. 46  

.35 

.24 

.26 

0.34 
.35 
.38 
.37 

1.95 
1.76 
3.06 

0.42 
.58 
.44 
.60 

1.96 
5.64 
5.92 

0.58 
.52 
.52 
1.66 
1.59 
2.85 
2.69 
1.17 
1.28 
2.29 
2.34 

0.34 
.35 
.66 
. 6 8  
1.12 
.31 
.25 
.32 
.30 
.51 
.58 
.97 
.97 

cc/sQ6 LUI 
cc/s:c 

7.1x108 0.26 
.42 
.31 
.22 
.24 

0.34 
.35 
.38 
.37 

1.93 
1.74 
3.08 

0.42 
.58 
.44 
.60 
1.94 
5.60 
5.88 

0.56 
.50 
.50 
1.60 
1.53 
2.74 
2.59 
1.12 
1.23 
2.20 
2.25 

0.31 
.32 
.61 
.61 
1.01 

.28 

.22 

.29 

.27 

.45 

.52 

.86 

. 8 6  

.64 

. 64  

O T  .65 

0.64 I 
.65 
.65 

0 . i 7  
. 6 6  
. 6 6  
.69 
- 6 8  
- 6 6  
- 6 6  
.65 
. 6 6  

0.65 
.65 
. 6 7  
.67 
.70 

.T . 6 6  

.70 

.69 

1.2X1o9 
C29 percent  

Average valu 
Average d e v i a t i o  

0.10 .r 4 . 4  4.4X1O1O 
6.3 
6.5 
8.5 
6.9 
5.7 
5.6 

6 . 3 ~ 1 0 ~ ~  
214 percent  

5.9x1010 

541 
553 
559 
561 
566 
567 
567 

,035 
.058 

Average valu 
Average d e v i a t i o  

4 .4  
I I 

9.1 
7.3 
11.3 

6 . 6  
7.7 
8.1 -1 I 

8.0XlO~O 
C16 percent  

9.0~10~ 
6.9 
7.9 
10.9 

Average valum 
Average deviat ioi  

6.7 
6.3 
6.5 
6.0 
6.7 
6.4 
6 . 4  

C15 7.2~10~ percent  Average valui 
Average devia t io i  

1 .5x109 
1.6 
1.2 
1.2 
1.1 
1.3 
1.0 
1.3 
1.3 
1.0 
1.0 
.9 
1.0 

1.2X1o9 
C17 percent  

Average valut 
Average deviat ior  

aNormal temperature and pressure .  
bEstimated i n i t i a l  oxygen atom concent ra t ion  [010 based on approximately 75 percent  molecular oxygen d i s s o c i a t i o n .  

NH3 used i n  the  react ion must y ie ld  one mole of NO. If a r b i t r a r y  values of x 
and y a r e  assigned t o  the moles of hydrogen and oxygen produced i n  the reac- 
t ion ,  the react ion can be writ ten as 

NH3 + (g - x + 2y)O + NO + x H2 + y 02 + (5 - x)H20 (18) 

Study of t h i s  equation shows t h a t  x is l imited i n  value t o  0 < - -  x < 3 / 2 ,  
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(a) Average temperature, 304O K. 

.02 .06 .10 .14 
Ratio of ammonia flow rate to total 

flow rate, FNH,/Ft 

(b) Temperature, 5/00 K. 

Figure 11. - Measured relative stoichiometry for 
ammonia - atomic oxygen reaction; source of 
oxygen atoms, dilute molecular oxygen - argon 
mixture. 

but y can vary from zero t o  pos i t ive  
in f in i ty .  Also, s ince there  are only 
two unknowns, x and y, the  complete 
stoichiometry of the react ion can be ob- 
ta ined from measurement of only two com- 
ponents, such as 0 and 02, r e l a t i v e  t o  
NO or NH3. 

I n  order t o  determine one of t he  
necessary coeff ic ients ,  measurements of 
the  atomic oxygen stoichiometry 
n[O]/n[NH3] were made. 
by measuring the  r a t i o  n[O]/n[NO] 
s ince it w a s  found t h a t  each mole of 
NH3 consumed yields  one mole of NO. 
Measurements of n[ O]/n[NO] are pre- 
fe r red  t o  those of 
the  value of &NO] can be measured 

This w a s  done 

A[OI/n[NH~] because 

with much greater  accuracy than dNH31, s ince the  i n i t i a l  concentration of NO 
i s  zero. Values of a[O]/n[NO] a re  shown i n  figure 11. Ikch experimental 
s c a t t e r  i s  seen i n  the  data, especial ly  a t  high temperatures. The average 
value of n[Ol/n[NO], neglecting any possible trend with temperature, is  4.4. 

Further proof f o r  t he  Drevious r e l a t ive  stoichiometry value of  4.4 w a s  ob- -. 4. 

tained by some measurements of 
325' and 580° K. 
a t  t he  lower temperatures, values of 
580° K, the  value of 
established A[O ]/A[NO 1 value of 4.4. 

A[Ol/A[NH3] t h a t  were 
Only the  higher temperature r e s u l t s  

A[NH3] were too 
A[O]/A[NH31 w a s  4 t o  5 agreeing 

made a t  temperatures of  
were r e l i ab le  because, 
s m a l l  t o  measure. A t  
with the  previously 

I n  order t o  determine the other stoichiometric r a t io s ,  A[O]/n[O2] and 
n [ H ~ ] f ,  the changes i n  flow n[O]/A[H2], the values of 

r a t e s  of these species, w e r e  measured as  a function of NH3 f l o w  rate. These 
r e s u l t s  a r e  shown i n  f igure  1 2 .  Values f o r  t he  stoichiometric r a t io s  were ob- 
tained by drawing mean l i n e s  through the data and dividing the slopes of t he  
n[O]f l i n e  by the slope of the n[O,]f or d H 2 1 f  l ines ,  as shown i n  the  
tab le  on page 20. No s igni f icant  trends with temperature were noted. The aver- 
age value f o r  

n[O]f, n [ O z ] f ,  and 

n[O]/n[O2] w a s  3.7 and f o r  A[O] /~HZ]  w a s  9. 

Additional stoichiometric information w a s  obtained by measuring A[HzO] . 
Here it w a s  convenient t o  measure [H201 i n  terms of ion currents because of t h e  
d i f f i c u l t y  of ca l ibra t ing  f o r  H2O. These r e su l t s  a r e  compared with ion cur- 
r en t s  fo r  A02 and AH i n  f igure 13. This f igure  shows that ~[HzO] l ies  
about midway between Af01 and n[H2]. Since n[O]/n[O2] is  approximately 3.7 
and A[Ol/n[H2] is  approximately 9, n[O]/n[H2O] must be about 6 .  

The two more r e l i a b l e  stoichiometric r a t i o s  n[O]/n[NO] and n[O]/n[021 
can be used t o  ca lcu la te  the  react ion stoichiometry. Equation (18) shows t h a t  
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ature,  

L Average 

a[ 01 /a[ 02 1 

3 

3 

5 

3.7 
~ 

a[ 01 /a[% 1 

9 to 10 

.024 

.OM 

.016 

.012 .012 

.m 1% .om 
k- 
- 4  2 .004 
P 
- .ow 

' 0  .04 .08 .12 .16 .20 0 .04 .08 .12 .16 
Ratio of ammonia flow rate to total flow rate, FNHflt 

Figure 12. - Changes in flow rates of atomic oxygen, molecular oxygen, and molecular hydrogen for 
ammonia - atomic oxygen reaction at conditions of normal temperature and pressure. 

In- c 
V 3 -0 

g 1.0 
n. 
c 0 
c 
V 
.- 
m .8 E 
+ 0 

In a3 c 
e . 6  
s 
E 
c 
In 
al Cn c 
m .G 

. 4  .- 

" .2  

0 .04 .w 0 .04 0 .04 
Ratio of ammonia flow rate to total flow rate, FNHflt 

(a) Temperature, -569' K. 

oxygen reaction in terms of ion current. 

(b) Temperature, -437' K. (c) Temperature, -325' K. 

Figure 13. -Changes in flow rates of molecular oxygen, molecular hydrogen, and water for ammonia - atomic 
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&\$ , 
\ 
\., 

o ,. + NO tec,,.Jaue 

3 
-1 and 

m = z  a[ 01 5 - x + 2 y  

= 4.4 

5 x  - +  2 n[ 01 
a l o , l = z - y  

= 3.7 ( 2 0 )  

From the experimental values of these r a t io s  
it was found that x i s  approximately 0.5 
and y i s  approximately 1 . 2 .  The reaction 
can then be wri t ten as 

NH3 + 4.4 0 -  NO + 0.5 H2 

o 
A Avramenko. et. al.. OQdischarqe 

1.8 Percent O2 in Ar carrier gas 

The r a t i o  
t i on  ( 2 1 )  is 9, which i s  i n  good agreement 
with the value of 9 obtained experimentally. 
Similarly, the r a t i o  n[O]/n[H2O] from equa- 
t i on  ( 2 1 )  is 4, which agrees qual i ta t ively 
with the experimental value of 6.  

dO]/a[H2] derived from equa- 
(ref. 13). _ _ _ _ _  

I 
2.0 2.5 

Reciprocal temperature, ll0K 

Figure 14.' - Rate constants for oxygen atom 

W o f n  I ' n n c f n n f c  f n r  i ! n n c , , m n + i  nn n f  L l f n m i m  f l - m n n  
- C . C U W b  " V A . L Y  w u I . . L w u  I V I  " W r r u U U ~ w I V I I  V I  1L"VUACI V*JGbLI 

The data on 0 consumption were used with equation (1) t o  calculate bimo- 
lecu lar  r a t e  constants. The NH3 concentration required for t h i s  was calculated 
from the NH3 flow i n t o  the reactor by subtracting from it the NH3 consumed. 
The amount of NH3 consumed was calculated from the amount of 0 consumed and the 
reaction stoichiometry. The r e su l t s  a r e  plot ted i n  f igure 14. Data for  0 pro- 
duced both from N + NO and from 02 + Ar are  shown and comparedwith data from 
reference 1 f o r  0 + 02 mixtures, shown as  a dashed l i ne ,  and Avramenko's work 
( r e f .  13). 

It is in te res t ing  t o  note i n  f igure 14 tha t  the r a t e  constant i s  unaf- 
fected by the presence o r  absence of excess 02 within experimental e r ror .  
i s  qui te  d i f fe ren t  from the oxidation of hydrogen where the r a t e  constant was 
increased about a fac tor  of 4 by excess 02. 
s ign i f icant  role i n  the  oxidation of NH3. 
k& 
second a s  found i n  reference 1. 

This 

It follows t h a t  02 does not play a 
The rate constant for  0 consumption 

can be taken t o  be 3X1OZ exp(-4.8/RT) cubic centimeter per mole per 
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A Possible Reaction Mechanism 

A se r i e s  of reaction s teps  can be wri t ten t o  account f o r  the react ion 
products. The most plausible s e t  of reactions is as  follows: 

NH3 + 0 + NHz + OH ( 2 2 )  

+ 0 + NH + OH ( 2 3 )  

(24) NH + 0 3 NO + H 

OH + 0 + 02 + H 

OH + NH3 + NHZ + HzO 

( 2 5 )  

(26 )  

(27 1 H + NO + M + HNO + M 

Other reactions cer ta in ly  occur but a re  thought t o  be of minor importance. 

The i n i t i a l  reaction s tep  must be the a t tack  of NH3 by 0. By analogy with 
H2, the products a re  thought t o  be the amino r ad ica l  (NHz) and OH. 
r ad ica l  i s  expected t o  be very reactive,  and a react ion with 0 probably pre- 
dominates. 
imino r ad ica l  (NH) and OH. 
and H. 
ess that yields NO. 
f o r  by the  reaction of OH and 0, which i s  known t o  be extremely fast .  
act ion of OH and NH3 t o  y ie ld  NH2 and H 2 0  i s  the most plausible reaction for  
the production of H2O. 
among the products can be hccounted for  by the  NO catalyzed hydrogen atom re- 
combination reactions shown i n  equations ( 2 7 )  and ( 2 8 ) .  
selected over a l t e rna te  reactions since it i s  known t o  be fast ( r e f .  14) .  

The amino 

By analogy with the i n i t i a l  step,  the products a re  probably the 
The imino r ad ica l  can reac t  with 0 t o  give NO 

This reaction is  energetically possible and is  the most plausible proc- 
The appearance of 02 among the products can be accounted 

The re-  

The appearance of H2 and the absence of hydrogen atoms 

Reaction ( 2 7 )  was 

The preceding reaction mechanism can a l so  explain why the r a t e  constant i s  
unaffected by the presence or absence of excess 02, since the termolecular re -  
act ion H + 02 + M + H 0 2  + M i s  r e l a t ive ly  unimportant because reaction ( 2 7 )  is  
s o  f a s t .  

The reaction mechanism outlined i n  equations ( 2 2 )  t o  (28)  can be used t o  

With the  steady s t a t e  assumed f o r  
r e l a t e  the 0 consumption r a t e  constant k22 t o  the  r a t e  constant k22 fo r  the 
i n i t i a l  oxidation s tep  NH3 + 0 3 NH2 + OH. 
NH2, NH, and OH, it can be shown tha t  

n [ O I  - d o 2 1  - Z d N O ]  
At Col CNH31- k22 = 

where the d i f f e ren t i a l s  have been replaced by f i n i t e  differences appropriate t o  
the s t i r r e d  reactor.  Defining A a s  
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and reca l l ing  from equation (1) tha t  

then 

From the  experimental stoichiometry, 

4.4 - 1 . 2  - 2 
4.4 A =  

s o  t h a t  

o r  

= 0.27  

k22 = 0.27 kg2 

k22 = lXIO1' exp(-4800/RT) cc/(mole ) ( sec 1 

( 3 3 )  

(34)  

(35) 

CONCLUSIONS 

The reactions of atomic oxygen with hydrogen and ammonia were studied mass 
spectrometrically f o r  t he  temperature range 350' t o  600' K. 
resu l ted  i n  the following conclusions: 

The invest igat ion 

1. The s t i r r e d  reactor  technique yields  r a t e  constants for  t h e  H2+ O-,OH+O 
react ion i n  sa t i s fac tory  agreement with r e s u l t s  obtained by the use of other 
techniques. 

2.  I n  the  oxidation of molecular hydrogen by atomic oxygen, the rate of 
atomic oxygen consumption is  increased by a f ac to r  of 3 t o  5 by the presence 
of an excess of molecular oxygen. This can be accounted f o r  quant i ta t ively by 
the react ion sequence H + 02 + M +  H02 + M; HO2 + 0 + OH + 02; OH + 0 + 02 + H. 

3. The r a t e  of t he  ammonia - atomic-oxygen react ion i s  unaffected within 
experimental e r ror  by the  presence or absence of molecular oxygen, which indi-  
cates  t h a t  molecular oxygen plays no r o l e  i n  t h i s  oxidation. 

4. The stoichiometry of the  ammonia - atomic-oxygen reaction is 
NH3 + 4.4 0 -+ NO + 0.5 H2 + 1 . 2  02 + 1.0 HzO. 
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5. A t en ta t ive  reac t ion  mechanism for t he  ammonia-atomic oxygen react ion 
can be constructed consis tent  with the  experimental r e s u l t s .  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, November 18, 1964. 
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